The aim of this study was to evaluate the potential effect of animal bone char (ABC) addition on metal mobility in mine tailings. The mobility of metals after addition of ABC to tailings at four different application rates (0.6 g, 1.2 g, 1.8 g and 3.6 g ABC per 100 g of tailings) was evaluated by Toxicity Characteristic Leaching Procedure (TCLP) one step extraction. The obtained results indicated that the mobility of Pb, Cr and Cd gradually decreased with increasing quantity of added ABC. According to the TCLP, mobile concentrations of Pb in tailings exceeded threshold values for almost eight times. After ABC addition, Pb TCLP-extractable concentrations decreased from 39 mg L -1 in tailings to lower than the TCLP limit values of 5 mg L -1 at all ABC application rates, except in mixtures with the lowest addition of ABC. We concluded that ABC could be a successful metal stabilization agent for multi-metal contaminated soil, although attention should be paid at highly As contaminated soil.
Introduction
The contamination of soil with Pb is an important ecological problem worldwide whereas mining is among the main sources of Pb contamination in mine areas. 1 Contaminated mine sites are poorly developed soils, depleted of organic matter and nutrients and are characterised by their excessive metal contents. 2 In the past, large amounts of mine wastes were dumped near the sites where they were produced and dispersed into nearby soils, crops and ecosystem. [3] [4] The accumulation of metals in soil may have serious consequences for animal and human health through the food chain, groundwater, plant growth and microorganism diversity. [4] [5] In situ chemical immobilization is a promising green and cost effective soil remediation technique where mobile metal chemical species are transformed into less mobile ones by adding different amendments. [5] [6] Phosphate amendments have been shown to be highly effective to reduce metal mobility and bioavailability. Many metals (Pb, Zn, Cd, Cu and others) can precipitate with phosphate sources as relatively insoluble metal phosphate species.
Pb can be mainly converted into insoluble forms, such as pyromorphite (Pb 5 (PO 4 ) 3 OH). 1, [7] [8] Animal bone char (ABC) is a granular material, rich of phosphates, that is produced by animal bone pyrolysis. [9] [10] It mainly contains about 70-76 % of biological, relatively crystalline calcium hydroxyapatite (Ca 5 (PO 4 ) 3 (OH)), 9-11 % of organic carbon and 7-9 % of CaCO 3 .
11-12
Few previous studies highlighted the potential use of ABC as a green and low-cost P-amendment for Pb and Zn immobilisation in contaminated soil. 9, 13 However the use of ABC as a metal stabilization agents in multi-metal contaminated soil has rarely been reported.
In this research we investigated the use of ABC as metal immobilization agents and potential remediation solution for degraded metal contaminated area as mine tailings.
Experimental
In this study the mine tailings from Sasa zinc and lead mine in Macedonia were used as an example of metal The total element concentration in tailings was determined as the content of elements soluble in aqua regia according to SIST ISO 11466:1996. The mobility of elements was evaluated according to the SIST EN 12457-4 one-stage batch test (water extraction, S/L = 1:10) and Toxicity Characteristic Leaching Procedure -TCLP.
14 To classify and quantify the metal fractionation in tailings, the modified BCR sequential extraction procedure was conducted. 15 Exchangeable fraction was evaluated on 1 g of tailings by extraction with 40 mL of 0.11 mol L -1 acetic acid solution, reducible fraction with 40 mL of 0.5 mol L -1 NH 2 OH · HCl, oxidizable fraction with 10 mL of 30 % H 2 O 2 and residual fraction with 6 mL of HCl, 2 mL of HNO 3 and 2 mL of HF.
The animal bone char (ABC) was air dried and powdered by planetary mill. The physicochemical properties of tailings and ABC are outlined in Table 1 .
To immobilize metals in contaminated soil sample, mixtures of tailings with ABC were prepared. ABC was added to tailings at four different application rates: 0.59 g, 1.19 g, 1.82 g and 3.64 g ABC per 100 g of tailings. To achieve sufficient homogenization, the mixtures were prepared as water suspensions, shaken by a mechanical shaker for 1 h and slowly air dried. All of the experiments were carried out in triplicate.
The Toxicity Characteristic Leaching Procedure (TCLP) was carried out to evaluate the metal stabilization efficiency of the ABC.
14 20 mL of 0.11 M acetic acid (pH = 2.83) were added to 1.000 ± 0.001 g of air-dried samples in 30 mL polypropylene centrifugation tubes. The samples were shaken by a mechanical shaker for 20 hours at 150 rpm. The extractants were separated from the solid residues by centrifugation at 2800 rpm for 15 min and filtered through a cellulose nitrate filter of 0.45 μm pore size (Sartorius, Germany).
The mobility of P in mixtures was evaluated by sodium hydrogen carbonate extraction of mixtures following by spectrometric determination of P according to SIST ISO 11263:1996. The absorbance measurements were carried out at 880 nm.
Results and Discussion
Total metal concentration, acetic acid and water extractable metal concentrations in tailings and the corresponding legislative limits are presented in Table 2 .
The total concentrations of Cu, Zn, As and Pb in tailings exceeded the critical limits of dangerous substances in the soil stated in Slovenian legislation, 16 whereas the concentrations of metals in water extracts were far below the legal limits. 17 The mobility of metals, evaluated by TCLP, was also quite low, except for Pb which acetic acid extractable concentrations exceed the TCLP regulatory limits by a factor of almost eight.
The partitioning of metals in tailings determined by modified BCR procedure is presented in Figure 1 . Pb in tailings was mainly partitioned between exchangeable (29.7 %), residual (27.0 %) and oxidizable fraction (26.4 %). The highest proportion of Cr and As were found in the residual fraction, additionally Co, Ni, Cu, Zn and Cd were mainly partitioned in the residual and oxidizable fraction. Small amounts of metals in exchangeable form indicate that the mobility of metals was quite low, except for Pb, which is in agreement with our TCLP results.
The change in pH values of soil is normally an important mechanism for metal stabilization. 13 In this study the pH value of ABC was just slightly higher than the pH value of tailings. Therefore, the addition of ABC to tailings did not significantly change the pH of the mixtures (values between 7.44 and 7.56) and therefore have negligible influence on metal bioavailability reduction.
The stabilisation of specific elements in mixtures was estimated by comparing TCLP metal concentrations of mixtures to TCLP metal concentrations of tailings (Fig. 2) .
The most efficient stabilization of metals was achieved for Pb. The addition of ABC at application rates of 0.6 %, 1.2%, 1.8 % and 3.6 % decreased the mobility of Pb to 45 %, 12 %, 5 % and 3 % of the Pb mobility in tailings, respectively. Application of ABC at higher application rates was very effective in reducing the TCLP concentration of Pb to values lower than the USEPA toxic regulatory level (5 mg L -1 ).
14 Pb mobility reduction could be due to the formation of Pb hydroxyapatite-like minerals (Pb 10 (PO 4 ) 6 (OH) 2 ) by precipitation of Pb and P released from calcium hydroxyapatite. 13 As shown in Fig. 2 , the mobility of P gradually increases with respect to increasing application rate of ABC to tailing, but still remained at environmentally acceptable levels.
High metal stabilization efficiencies were also observed for Cr and Cd, respectively. Their mobility decreased down to 8 % (Cr) and 63 % (Cd) of original mobility in tailings. For both elements the increase in ABC addition resulted in increased stabilization efficiency. On the other hand, the effect of ABC on Zn mobility was quite small. A significant stabilization effect was observed only at the highest ABC application rates (80 % of Zn mobility in tailings), whereas at low application rates, the effect was even slightly destabilizing. As mentioned in literature, a possible removal mechanism for these three elements, besides metal phosphates precipitation, could be due to sorption mechanisms, like surface complexation and ion exchange. 1, 9, 18 Unlike other elements, the mobility of As increased 0.9, 1.3, 1. . As(V) species at moderately acidic and neutral pH can be present as arsenate(V) oxyanions. 19 Since the arsenate(V) is very similar to phosphate(V), competitive adsorption could occur and result as increased leaching of As. 
Conclusions
The addition of ABC to the studied multi-element contaminated mine tailings resulted in a considerable reduction of TCLP-extractable Pb, Cr and Cd in mixtures up to 3 %, 8 % and 63 % of concentrations in extracts of tailings, respectively. After the treatment, the concentration of acetic acid extractable Pb decreased below the regulatory level stated by TCLP. The addition of ABC gradually induced the desorption of the retained As in tailings and the increased concentration of mobile P in mixtures, but concentrations of As still remained far below TCLP threshold.
In summary, ABC amendments show promising results as metal-stabilization agents, especially for Pb immobilization. However, attention should be paid upon ABC amendments to highly mobile arsenic-metal polluted soil.
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